Potential prey are often exposed to multiple predators that vary in their foraging tactics and ability to detect prey. For animals that rely on crypsis to avoid predators, one solution is to alter their behaviour or appearance to maximize crypsis in ways that are specific to different types of predator. We tested whether dwarf chameleons ( Bradypodion transvaalense ) showed different behavioural responses, including colour change, towards multiple predators (bird and snake models) that detect and capture prey in different ways, and whether these antipredator responses varied geographically. Chameleons consistently used the same body postures (lateral compression and flipping to the opposite side of the branch) and displayed similar chromatic (colour) contrast against the natural background in response to both predator types. However, they became significantly more achromatically contrasting (brighter) in the presence of the snake compared to the bird. This relative difference in achromatic contrast towards the two types of predator was consistent among populations. There were also significant differences in both absolute achromatic and chromatic contrast among populations despite very similar light environment, background coloration and habitat structure. Our results highlight facultative crypsis as one type of flexible antipredator tactic and emphasize the importance of visual ecology in understanding prey-predator interactions.
INTRODUCTION
Potential prey are often exposed to multiple predators that vary in foraging tactics and have different sensory-perception mechanisms. How prey deal with multiple predators and integrate diverse threats, particularly in light of trade-offs resulting from conflicting selection pressures, is a key question in evolutionary ecology (Lima, 1998; Sih et al. , 1998; Garcia & Sih, 2003; Templeton & Shriner, 2004) . In the longer term, phenotypic plasticity may allow organisms to develop morphological features optimal for their specific environment and suite of predators, especially when they are exposed to varying predation regimes during development (Relyea, 2001a, b; Van Buskirk, 2001 ). In the immediate term, animals may facultatively adjust behaviour, most commonly their escape behaviour and activity patterns, in response to specific types of predator (Kleindorfer et al. , 1996; Hopper, 2001; Manser, 2001; Relyea, 2001b; Van Buskirk, 2001; Cooper, Martin & Lopez, 2003; Templeton & Shriner, 2004) .
Colour change is one type of flexible antipredator response that has received relatively little attention because it can be difficult to quantify. However, it can be a particularly effective mechanism, especially for organisms with reduced locomotion, because it allows an animal to rapidly alter its appearance in response to changing environmental conditions. For instance, soft-bodied octopuses rapidly alter their colour pattern ( c. three times per min) to match the mosaic of substrates during slow foraging, whereas during more rapid movement they mimic fish or use disruptive patterns (Hanlon et al. , 1999) . Such a rapid change in col-oration is rare although relatively rapid colour change has also been anecdotally reported for chameleons. Other taxa, such as the larvae of many frogs and salamanders, have more limited capacity for colour change and have been shown to become lighter or darker to match backgrounds in response to predator cues (Garcia & Sih, 2003) . Although there are numerous studies of crypsis (see Stuart-Fox et al ., 2004 and references therein) and some quantitative demonstrations that certain species can adjust their coloration to match different backgrounds (e.g. Hanlon et al ., 1999; Garcia & Sih, 2003) , it is yet to be tested whether animals that do use colour change as an antipredator tactic can adjust coloration in response to specific predators.
Antipredator tactics may vary between populations as a result of geographical variation in predation risk; the major driving force for which is variation in habitat characteristics (Endler, 1980; Houde, 1997) . For animals that rely on camouflage to some extent, natural selection to maximize crypsis against different backgrounds can be an important mechanism generating geographical variation in coloration (Endler, 1980; Stuart-Fox et al ., 2004) . Habitat characteristics can also influence the suite of predators encountered (Hopper, 2001) , or predator density, thereby influencing an individual's previous experience with a particular type of predator (Magurran et al ., 1993; Houde, 1997) . Individuals with different exposures to particular predator types may exhibit different combinations or frequencies of antipredator response (Kelley & Magurran, 2003; Templeton & Shriner, 2004) . Despite substantial empirical evidence for population differences in antipredator behaviour, geographical variation in different types of antipredator response (e.g. colour change and other behaviours) has rarely been examined in a multipredator context (one exception is Templeton & Shriner, 2004) .
In this study, we examine colour change and other antipredator behaviours (body posturing), in response to two types of predator (a bird and a snake) among four populations of the Transvaal dwarf chameleon, Bradypodion transvaalense . Specifically, we asked two questions. First, we asked whether chameleons differentially adjust their coloration and/or body postures in response to the two types of predator. Second, we asked whether the responses to the two types of predator, and/or their relative frequency, vary geographically. To answer these questions, we quantified achromatic contrast (more commonly referred to as brightness) and chromatic contrast (other aspects of coloration, commonly referred to as hue and chroma) of chameleons against the background as well as individual behavioural responses for four populations of B. transvaalense when presented with a model bird (fiscal shrike, Lanius collaris ) and a model snake (boomslang, Dispholidus typus typus ) in the field. In addition, we quantified structural habitat characteristics because they may influence geographical variation in coloration and other antipredator behaviours.
Dwarf chameleons are good models for studying colour change in response to predators for three reasons. First, due to morphological specialization of chameleons (strong lateral compression, sets of two or three fingers and toes fused on each foot), they have very limited ability to flee a predator and rely on crypsis to avoid predation (Necas, 2001) . Second, although there is more than one way of being cryptic (Endler, 1978) , chameleons are likely to use simple crypsis, whereby an organism's colour pattern closely matches that of the background (Endler, 1978; Osorio & Srinivasan, 1991) . Third, dwarf chameleons are susceptible to a range of predator types, chief among which are birds and snakes (Branch, 1998) . The boomslang and fiscal shrike are among the most important predators of dwarf chameleons (Wager, 1986; Branch, 1998) . The boomslang is a diurnal, arboreal, venomous colubrid snake with very large, forward facing eyes (Branch, 1998) . As the boomslang actively and rapidly pursues its prey (Wager, 1986; Branch, 1998) , it is likely to rely on visual cues, including coloration, for prey detection. Similarly, the fiscal shrike is an aggressive hunter of chameleons which often impales dwarf chameleons on thorns (Wager, 1986) and is a common and very widespread species in southern Africa. These predators are likely to exert strong selection on chameleon antipredator responses, providing an ideal opportunity to examine variation in both behavioural and phenotypic antipredator responses to multiple predators.
METHODS S TUDY SITES AND SPECIES
Bradypodion transvaalense is a small [mean snoutvent length (SVL) = 60 mm], viviparous dwarf chameleon, endemic to South Africa. Recent phylogeographical work suggests that at least four main lineages can be recognized with 2.5-4% divergence between lineages based on the mitochondrial ND2 gene (T. Townsend, unpubl data). We chose four populations that represent the four main lineages: Barberton (25 ° 51 ′ 32 ″ S, 31 ° 2 ′ 9 ″Ε ) near the north-west border of Swaziland; Tullach Mohr Nature Reserve in the Elands Valley (25 ° 33 ′ 35 ″ S, 30 ° 34 ′ 58 ″ E); forest in the immediate surrounds of Graskop (24 ° 58 ′ 4 ″ S, 30 ° 47 ′ 49 ″ E); and Woodbush Nature Reserve in the north (23 ° 49 ′ 55 ″ S, 29 ° 58 ′ 37 ″ E). The four lineages vary in coloration, especially male display coloration (D. Stuart-Fox, unpubl. data Behavioural trials were performed within the natural habitat, between 10:00 h and 15:00 h when chameleons are naturally active. Chameleons were placed on a perch (a natural branch) and presented with the two model predators. The fiscal shrike was stuffed and mounted with its wings slightly open ( Fig. 1 ) and the model boomslang snake was made of resin from a cast of a dead boomslang and painted by a professional model maker to resemble an adult male . To control for variation in the signalling environment, the same branch (and location) was used for all trials. The boomslang model was mounted so that the majority of the body was along a 1 m branch, while the shrike was mounted at the end of a 1 m dowel stick. The order of presentation of the snake and bird were randomised, to account for possible effects of presentation order. Both types of predators were presented from multiple angles (lower or higher than the focal animal) to ensure that differences in predator response coloration were not simply due to difference in angle of presentation. Thus, each chameleon was presented with the bird and snake predator under similar viewing conditions (constant irradiance and background, and a range of angles of presentation of the predator).
We only observed three types of behavioural response, which we recorded for each individual in response to the two predators: (1) lateral compression of body, legs vertically under the body, concealing the chameleon behind the branch; (2) flipping to the opposite side of the branch from the predator; and (3) dropping to the ground in a tight ball (akinesis). Chameleons rarely exhibited the final behaviour (10 out of 116 trials). To test whether observed behaviours were an artefact of being presented with a moving object, we presented chameleons from one population (Woodbush) with a moving branch with leaves. In these trials, the order of presentation of the branch, shrike and boomslang, were randomised. None of the 16 chameleons presented with a branch reacted with any of the above three antipredator behaviours.
We took reflectance measurements as soon as the chameleon showed a clear behavioural response to the predator. Measurements were taken using a probe at the end of a 1.2 m bifurcated fibre-optic cable, connected to a spectrometer (SD2000, Ocean Optics, Florida, USA) and light source (PX2, Ocean Optics). Readings were taken from an oval area 3.5 × 5 mm, at a constant distance of 1 cm from the surface. Illumination was at 45 ° relative to the surface, and reflectance was measured at the same angle following established protocols (Endler, 1990; Stuart-Fox et al ., 2003) . Measurements were expressed relative to a certified 99% diffuse white reflectance standard. Dark current and white standard measurements were taken before measuring each lizard. Reflectance measurements of chameleon coloration were taken for four body regions [top, middle and bottom flank and casque (side of the head)]. The order in which the four body regions were measured was randomised to prevent any systematic bias in colour measurements due to handling. Usually, measurements for only two body regions could be taken before the chameleon would start to change colour. The chameleon would then be returned to the perch, allowed to settle, and then presented with the model predator again until it showed clear behavioural reaction. Readings for the remaining two body regions were then taken.
To quantify background colours, we took reflectance readings for two types of background: branches and leaves. Background coloration was measured as the mean reflectance of the leaves or branches on which chameleons were caught and the leaves and branches in the immediate vicinity of the perch where experiments were conducted (Fig. 2) . Leaf or branch backgrounds for each population were means of 17-40 measurements (Fig. 2) . Irradiance was measured with a SD2000 spectrometer and a calibrated, cosinecorrected irradiance probe (CC-3-DA, Ocean Optics), under fine conditions in the shade at the forest edge, which were the same conditions as those under which the behavioural experiments were conducted (Fig. 2) .
C ONTRAST CALCULATIONS
As perceived crypsis is a function of the contrast of the animal against the background (Endler, 1978) , we derived measures of achromatic and chromatic contrast of the chameleons relative to the natural background. The achromatic (total light reflected, analogous to brightness) and chromatic (principal colour and its purity, analogous to hue and chroma combined) components together summarize variation in raw reflectance spectra and represent the two aspects in which a colour may be conspicuous. The contrast measures we used are simple measures of contrast in radiance (Endler, 1990; Macedonia, 2001; Heindl & Winkler, 2003) . We first converted background and chameleon reflectance spectra to radiance spectra by multiplying each reflectance spectrum by the irradiance spectrum (normalized to a maximum of 1) for the corresponding population. Achromatic contrast was calculated using (
, where R t and R b are the radiance of the target (chameleon) and background, respectively, integrated over 320-700 nm. To calculate chromatic contrast, all radiance spectra of the chameleons and backgrounds were standardized for brightness (area under the curve 320-700 nm = 1). Chromatic contrast was then calculated as the Euclidean distance ( D s ) between the radiance spectrum of the chameleon vs. background (Endler, 1990; Macedonia, 2001; Heindl & Winkler, 2003) , using:
where Q t ( λ ) and Q b ( λ ) is the radiance at a given wavelength and summation is over each 5 nm interval from 320 to 700 nm.
Although it is preferable to measure contrast as perceived by the potential predators, by incorporating information on the visual system of the receiver (e.g. Storfer et al ., 1999; Stuart-Fox et al ., 2003 , not enough is known about diurnal snake visual systems to enable comparison to birds. Snake visual systems Barberton C vary greatly depending on the species' visual ecology (Sillman et al ., 1997 (Sillman et al ., , 1999 Sillman, Johnson & Loew, 2001) . For instance, the retinas of some primarily nocturnal snakes only contain rods whereas those of some diurnal snakes living in bright light environments contain only cones (Sillman et al ., 1997) . As a result, calculations of receiver-relative contrast (particularly achromatic contrast) based on a semiaquatic garter snake or nocturnal python model (the only systems for which there exists comprehensive spectral sensitivity data) are unlikely to be realistic for a boomslang. For this reason, we chose measures of achromatic and chromatic contrast that were independent of the receiver visual system.
H ABITAT VARIATION
For each population, we measured seven structural habitat variables within five representative 10 × 10 m plots in which chameleons had been found. The variables were as follows: (1) 
S TATISTICAL ANALYSES
First, we tested for differences in the frequencies of antipredator behaviours towards birds and snakes using repeat measures ANOVA for categorical data. Predator type was the repeated measure and the response variables were presence or absence of each antipredator behaviour. We tested for effects of sex and population and their interaction with predator type. Second, we tested for differential colour responses to the two predators using repeat measures ANOVA. The contrast values were the dependent variables and predator type was the repeated measure on the individual chameleons (subjects). Sex, population, body region and order of presentation (and their interaction with predator type) were included in the models as between-subject effects. We tested for an effect of presentation order despite randomising presentation of the bird and snake to the chameleons to test whether prior handling affected subsequent reflectance measures. Third, we assessed whether populations could be discriminated based on their habitat characteristics using discriminant function analysis. Analyses were performed in SAS version 9.1.
RESULTS V ARIATION IN RESPONSE TO PREDATOR TYPE
Although chameleons consistently reacted behaviourally to both the bird and snake models, frequencies of the three types of antipredator body posture (flattening themselves, flipping to the opposite side of the branch and dropping) did not differ significantly in response to the two types of predator (Table 1 ). This appears to be primarily because antipredator body postures did not vary greatly; on the great majority of occasions (88% of trials), chameleons flattened themselves and flipped to the opposite side of the branch (Fig. 1) . Chameleon coloration in response to predators varied among individuals from uniform pale grey-brown to grey-brown with a pale patch in the mid-flank (Fig. 1 ). There were significant differences in achromatic contrast, but not chromatic contrast, of chameleons against both backgrounds when presented with a snake compared to a bird (Table 2) . Under identical viewing conditions (constant background and irradi- ance), chameleons became significantly more achromatically contrasting when presented with a snake compared to a bird (Fig. 3) . None of the interactions with predator type were significant, therefore this relative difference held true across the sexes and across populations (Table 2) . Order had a marginally significant effect (Table 2 ) although this effect was nonsignificant with Bonferroni correction. Chameleons tended to be less bright when measured the second time, but we identified a significant effect of predator type despite the weak order effect, which would tend to mask an effect of predator type.
GEOGRAPHIC VARIATION IN ANTIPREDATOR RESPONSE
The frequency of behavioural responses between populations did not differ significantly (Table 1) . However, there were significant differences in both absolute achromatic and chromatic contrast between populations (Table 2 ). Relative differences in contrast varied depending on whether achromatic or chromatic contrast against leaf or branch backgrounds were being considered ( Figs 4A, B) . That is, no single population was consistently more or less contrasting. In general, chameleons were brighter than both backgrounds (positive contrast) and were less contrasting against branches than leaves (Fig. 4) . In addition, both achromatic and chromatic contrast differed between body regions (Table 2 ). Chromatic contrast against the leaf background also differed between the sexes (Table 2) , with males more chromatically contrasting than females (mean ± SE = 0.062 ± < 0.001 for males and 0.059 ± < 0.001 for females). Despite geographical variation in contrast, there was only weak evidence for differentiation amongst the four sites based on the seven habitat variables λ 3,1.5,4 = 0.057, F 21,29.3 = 2.37, P = 0.016). Although the multivariate discrimination was significant, classification success was very poor (classification success: Barberton 80%; Tullach 0%; Graskop 60%; and Woodbush 40%) and there was considerable overlap between sites (Fig. 5) . Stem density at 0.5-1 m was responsible for the significant discrimination among sites, with Barberton having more under-story vegetation than Elands Valley (Fig. 5) .
DISCUSSION VARIATION IN RESPONSE TO PREDATOR TYPE
Dwarf chameleons exhibited consistent differential colour responses to snake and bird predators. Specifically, chameleons from all four populations became significantly more achromatically contrasting when presented with a snake than when presented with a bird. Other antipredator behaviours (flattening themselves, flipping to the opposite side of the branch and dropping) were similar in response to the two predators. Thus, chameleons facultatively adjust their brightness, but not body postures, in response to two different types of predator. The change in brightness was consistent across body regions and chameleon predator-response coloration was generally uniform, supporting the view that chameleons employ simple crypsis rather than other forms of crypsis such as disruptive coloration (Endler, 1978) . The only other empirical demonstrations of colour change in response to predators among vertebrates are for amphibian larvae. Frog and salamander larvae often change colour (especially brightness) to better match a given background (Garcia & Sih, 2003) . However, background matching is often imperfect and these larvae rely on a combination of antipredator tactics including predator-specific escape behaviours (Van Buskirk, 2001; Garcia & Sih, 2003) .
There are two possible, but not mutually exclusive, explanations for the observed difference in achromatic contrast in response to birds and snakes. First, typical prey approach angles and viewing conditions may differ for the two predators. Although we presented chameleons with both types of model predator from multiple angles under identical viewing conditions, Figure 4 . Mean contrasts ± SE against leaf and branch backgrounds for the four populations. A, achromatic contrasts in response to bird and snake predators; B, chromatic contrast in response to bird and snake predators. Ellipses represent 95% confidence ellipses. CV1 explained 66% of the variation and discriminates populations based on the number of perches at 0.5 m (correlation between this variable and CV1 = 0.83), shrub density (correlation = 0.6) and canopy height (correlation = −0.57), while CV 2 explained 22% of the variation and discriminates between populations very poorly, but primarily on the number of perches at 0.5 m (correlation = 0.5). Woodbush chameleon colour changes may be stereotypical responses to particular predators that vary in their mode of prey location. For instance, if snakes typically approach the chameleon from below, being very pale may maximize crypsis against a background of relatively high illumination and contrast (e.g. backlit, mottled forest shade with pale lower leaf surfaces), whereas a bird typically approaching a chameleon from above may perceive the chameleon against a background of lower luminance and contrast (e.g. frontlit, dark forest floor). Perceived achromatic contrast will depend greatly on illumination angle and the angle at which the chameleon is approached, especially as chameleons flatten themselves and position themselves on the opposite side of the branch in response to predators. How the interaction between body posture and brightness affects absolute perceived contrast and crypsis is difficult to quantify and is best examined in controlled behavioural trials on bird and snake responses to different visual stimuli (Osorio et al., 1999) . For this reason, measures of achromatic contrast are best interpreted in a relative, rather than absolute sense (Stuart-Fox et al., 2004) . The second explanation for the observed predatorspecific colour change is that chameleons adjust their brightness according to the properties of the predator's visual system. Both snakes and birds may be more reliant on achromatic contrast (in addition to movement) than chromatic contrast for prey detection. For instance, birds use chromatic signals to distinguish large targets whereas they require achromatic contrast to discriminate small targets and visual textures (Osorio et al., 1999) . However, birds and snakes would need to have sufficiently different visual ecology, especially in terms of achromatic contrast sensitivity, to warrant a predator specific response by the chameleon. Such differences in visual ecology are likely as birds and snakes differ in their means of prey location. Most snakes use olfactory cues in addition to visual cues for prey detection (Schwenk, 1995) whereas birds rely exclusively on visual cues (Kassarov, 2003) .
Available data on bird and snake visual systems suggest that birds and snakes generally differ in their visual acuity (the spatial frequency resolvable at maximum contrast) and capacity for colour discrimination. Birds have greater cone density and therefore greater visual acuity than snakes (Sillman et al., 1997 (Sillman et al., , 1999 (Sillman et al., , 2001 Osorio et al., 1999; ) and possess four visual pigments (Hart, 2001 ) rather than the three visual pigments of most snakes studied to date (Sillman et al., 1997 (Sillman et al., , 1999 (Sillman et al., , 2001 ). Acuity interacts with achromatic contrast sensitivity (and colour discrimination) in prey detection. For instance, a predator with good acuity but poor contrast sensitivity may be unable to detect relatively large prey under low light and low contrast conditions such as forest shade. Although birds have excellent visual acuity, they have relatively poor discrimination of achromatic contrast (Hodos, 1993; Kassarov, 2003) . The extent to which birds and snakes differ in sensitivity to achromatic signal and the interaction between contrast discrimination and visual acuity in prey detection is not known. It is clear, however, that birds and snakes do differ in their visual ecology. Therefore, it is possible that chameleons fine tune their colour response to maximize crypsis according to predator type.
GEOGRAPHIC VARIATION IN ANTIPREDATOR RESPONSE
Although the relative difference in brightness in response to the snake and bird was consistent, populations differed in absolute chromatic and achromatic contrast against the background. There are two primary explanations for the observed geographical variation in absolute contrast. First, the absolute abundance of predators, and thus the strength of natural selection for crypsis, may differ between populations (Endler, 1980) . Unfortunately, data on the abundance of the boomslang and fiscal shrike for these populations are not available. However, no single population was consistently more or less contrasting in both chromatic and achromatic contrast against both backgrounds, as expected if the strength of natural selection for crypsis was stronger for some populations than others. In addition, habitat structural characteristics varied little between the populations except in terms of stem density at 0.5-1 m. Given that habitat variation is limited and that the boomslang and fiscal shrike are generally widespread and abundant, it seems unlikely that absolute predator density is sufficiently variable among the populations to explain the marked differences in contrast observed.
The second explanation for geographical variation in achromatic and chromatic contrast is that there may be variation between populations in sexual selection for signalling. Populations of dwarf chameleons are currently isolated and exhibit moderate levels of genetic differentiation and marked variation in display coloration (D. Stuart-Fox, unpubl. data). Thus, divergent sexual selection in isolated populations may have lead to the observed differentiation in display coloration. Population differences in the contrast of colours adopted in response to predators (against similar backgrounds) may reflect divergent sexual selection for signalling in conjunction with limits to capacity for colour change. Although chameleons can exhibit some dramatic changes in coloration, such changes are nevertheless limited to within a certain range, determined by the position, density and type of chromatophores within the dermis and their associated pigments or structural features (Cooper & Greenberg, 1992; Necas, 2001) . It is probable that the range of colours available to a chameleon varies between populations and is partially dictated by selection for signalling. As a result, populations exhibiting very different display coloration may also differ in their predator response coloration.
CONCLUSIONS
In this study, we examined relative changes in contrast in response to two types of predator, rather than change in coloration relative to the initial coloration of the chameleon, for two reasons. First, it is not obvious what a measure of a chameleon's initial or 'neutral' colour might represent within the complex natural setting in which the experiments were conducted, making biological interpretation difficult. Second, the number of colour measurements that can be taken without the chameleon becoming stressed is limited. Even with two treatments (bird vs. snake), there was indication of an order effect, although we nevertheless detected a highly significant effect of predator type. As a consequence of only measuring relative colour change, we do not know the degree to which chameleons actively reduced contrast to the background in response to each predator. However, the predator-specific responses were consistent across populations despite variation in absolute contrast, providing strong evidence that the change in brightness (evident to the human eye) is an antipredator response. Also, we cannot conclude that chameleons adjust their brightness to appear equally cryptic to birds and snakes because we could not derive realistic measures of receiver-relative contrast. Nonetheless, we suggest that the predator-specific brightness change in dwarf chameleons is likely adaptive, given that predation is a strong selective force and that this response was consistent among populations that differ in other aspects of their coloration. Accordingly, we have discussed the possible differences in the visual ecology of birds and snakes that could explain the predator-specific brightness change observed in dwarf chameleons.
Overall, this study demonstrates that animals that use colour change as an antipredator tactic may change colour in response to specific predators, and not just in response to specific backgrounds, and also suggests that dwarf chameleons have a remarkable ability to facultatively adjust crypsis. Furthermore, our results suggest that achromatic signal may be more important than chromatic signal for effective camouflage and highlight the importance of predator visual ecology in understanding predator-prey interactions.
